


A formula has been deteimi ned vhich sa t i s fac tor i ly  represents, 

f o r  the exis t ing data, the fricti.ona1 characier is t ics  or the turbu- 

l en t  flow of a d i lu te  viscoelastic non-Xewtonisn f lu id  i n  a pipe. 
I 

This formula contains two "elast ic  f luid"  parmeters  one of which i 
i s  dependent on both additive and ccncentration. The other appears 

t o  be a constant and independent of the  additive. .A i.lieometer i s  

proposed bssed on t h i s  formula which shr;uld be useful i n  classify- 

, i n g  f lu ids  of t h i s  type. 



The purpose of t h i s  paper i s  t o  propose a formula which, based 

upon the limited data available, shows promise i n  predicting the 

f r i c t iona l  characterist ics of turbulent flow of d i lu t e  viscoelastic 

non-Newtonian f lu ids  i n  pipes. Since no adequate theoret ical  pro- 

cedure ex is t s  f o r  the evaluation of turbulent boundary layer flows, 

the derivation of the  above mentioned formula w a s ,  by necessity, 

empirical. 

imply the presence of a basic  underlying mechanism, the understand- 

ing of which could lead t o  the formulation of a theoret ical  proce- 

dure as w e l l  as having a long range ef fec t  on the f lu id  properties 

work being done on viscoelastic f luids .  

Nevertheless some of the empirical relationships used 

I n  the i n i t i a l  work done a t  t h i s  laboratory by Wells (1) using 

guar gum (J-2P, product of the Western Co.) solutions of concentra- 

t ions from 500 t o  4,000 parts per million i n  water, there was a 

strong implication that the viscoelastic e f fec t  of a non-Newtonian 

f lu id  on turbulent flow caused a decrease i n  the Prandtl mixing 

length constant. A similar conclusion was reached by Elata and 

Tirosh i n  a recent publication ( 2 )  i n  which they used very d i lu te  

concentrations (50 t o  400 ppm) of guar gum ("Jaguar", product of 

S t e i n  a ~ r !  Usll) In water. 

conclusively showed that ,  fo r  a d i lu te  concentration (500 ppm) of 

CMC 7 B P  i n  water, the mixing length constant i n  the turbulent 

portion of the flow was not changed; and there appeared t o  be a 

thickening of the laminar and buffer layers of the flow near the 

w a l l .  I n  the l i g h t  of these results,  the work of Wells and of 

a 

v 

The work of Ernst ( 3 ) ,  however, very 
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Elata and Tirosh were re-evaluated and it was found that ,  a t  l e a s t  

fo r  d i lu t e  concentrations of viscoelast ic  f lu ids ,  they could be in- 

terpreted t o  show the value of the mixing length constant t o  be un- 

changed. It i s  the evaluation and interpretat ion of the  r e su l t s  of 

these three reports which forms the basis of t h i s  paper. 

B f e c t s  of E la s t i c i ty  on the Universal Velocity Prof i le  

The data i n  the paper of Ernstwereobtained from the measured 

flow quantit ies and pressure drops i n  two pipe s izes  (0.650'' and 

1.427'' I D )  as well as detailed velocity surveys across the pipes. 

The la t ter  w a s  presented i n  the form of the universal logarithmic 

veloci ty  profile;  the turbulent portion of which can be expressed 

mathematically (4,5) as 

Equation 1 has been shown t o  be val id  f o r  the turbulent portion of 

the flow f o r  Newtonian f lu ids  i n  pipes; i n  which case 

2.303 A = - = 5.77, k 

B =  *N = 5.5, 

k = .4, Prandtl  mixing length constant. 

From the  velocity prof i le  p lo ts  i n  Ernst 's report, it can be 

seen t h a t  the slope had not changed, t h a t  is, A of Equation 1, and 

therefore,the mixing length constant was the same as f o r  Newtonian 
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flows. 

the constant B and make it a variable which increased with increas- 

ing Reynolds number and decreasing pipe diameter. This ef fec t  was 

a l so  present i n  the work of Wells f o r  the lowest concentration so- 

lution. 

The obvious non-Newtonian e f fec t  on the flow w a s  t o  increase 

F’rom these resul ts ,  one i s  tempted t o  speculate t ha t  the t u r -  

bulent portion of the flow i s  essentially unaffected by the visco- 

e l a s t i c  properties since the mixing length dis t r ibut ion within the 

flow was unchanged. 

t h a t  the laminar sublayer, due t o  the e l a s t i c  f l u i d  properties, has 

been made l e s s  sensit ive t o  disturbances being impressed upon it 

from above and thus becomes thicker. I n  the three reports cited 

above, the purely viscous properties of the f lu ids  used were essen- 

t i a l l y  Newtonian, and therefore, it i s  presumed tha t  any deviation 

from Newtonian flow characterist ics must be due t o  e l a s t i c  effects.  

A s  a consequence of the above argument, it w a s  concluded that any 

dampening within the laminar sublayer due t o  e l a s t i c  effects  (with 

the result ing increase i n  sublayer thickness) must be a function of 

the shear s t r e s s  or shear ra te  within the sublayer since these are 

t ha  CP&V flow parameters which could reasonably be expected t o  

a f fec t  the non-Newtonian polymeric molecules within the f luid.  

a first trial, the f r i c t i o n  velocity, uw which i s  related t o  the 

shear s t ress ,  was chosen as a convenient representation of the flow 

parameter within the sublayer. 

In this event, it would be logical  t o  assume 

As 
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Figure 1 shows a p lo t  of B versus u* which was determined from 

the velocity prof i le  data of k-nst .  

through the small pipe data since it was considered the most r e l i -  

able. The lower end of t h i s  l ine stops a t  a CD of 5.5 which 

i s  the value f o r  Newtonian flow. This resu l t s  i n  a c r i t i c a l  value 

of u+ equal t o  0.23 below which the flow properties are  Newtonian; 

which is  typical fo r  t h i s  type of f luid.  

The oblique l ine  w a s  fa i red  

p = l  

As mentioned i n  Reference 

3, a deterioration of the alclad coating of the large pipe resulted 

i n  corrosion occurring on i ts  internal  surface which apparently af-  

fected the pressure drop data. As a resul t ,  the large pipe data 

were not very consistent, however, they do tend t o  sca t te r  about 

the line through the small pipe data. 'Ictually, i f  the argument 

$resented above i s  valid, data presented on t h i s  type of plot  should 

correlate and be independent of pipe dianeter. As  part of a larger  

program, these data are currently being checked using s ta in less  

s t e e l  pipes. 

Derivation of Friction Factor - Reynolds Number Formula 

Pipe flow dataare customarily presented i n  the form of f r i c t i o n  

fac tor  versus Reynolds number. The non-Newtonian effects  on t h i s  

~~;zticzship cen he derived by the use of the information presented 

i n  Figure 1 and by the use of Equation 1. Equation 1 evaluated a t  

the center of the pipe becones 

+ B. 
U m m* - = .4 log - 

vw 
u* 
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The value of B i n  Equation 2 can be found from F’igure 1 and can be 

conveniently written as 

Since the f r i c t i o n  factor  and Reynolds number are usually writ ten 

i n  terns of the average velocity ra ther  than the maximum, the fol-  

lowing relationship f o r  Newtonian flow from Reference !+ o r  5 i s  

needed 

- 
u = u - 4-07 U+ . m (4 )  

A check of the data from Reference 3 showed this t o  be valid also 

f o r  the flow of d i lu t e  non-Newtonian fluids. 

Equations 2, 3, and 4 can be combined t o  give t h e  following 

equation 

(5 )  - 1 = ( 4 + 2 )  l o g &  e- 0394 - - a log .325 - D 

Jf‘ 42 vW 
2 

I n  this equation, uer, was made equal t o  0.23 and the values of A 

and B were changed slightly,  from the values given previously, t o  N 

BN = 6.07. 

This i s  consistent wi th  the approach used f o r  Newtonian f lu ids  i n  

order t ha t  the equation derived from the velocity prof i le  would 

have a be t te r  f i t  wi th  the measured pressure drop data; see Ref- 

-5- 



erences 4 and 5. 

Newtonian f lu ids  upon se t t ing  a equal t o  zero. 

Equation 5 reduces t o  the standard equation f o r  

Equation 5 states tha t  i f  turbulent pipe flow dataare plot ted 

as l/-versus R e  q, a straight  l i n e  should resul t .  This w a s  

done f o r  the data of Reference 3 and the resu l t s  are shown i n  Mg- 

ure 2. The symbols represent the data found by measuring the  pres- 

sure drop and average flow i n  the pipe. 

t i on  5 with a evaluated from Ngure l. 

The l ines  represent Equa- 

Thus it can be seen from 

Figure 2 tha t  the procedure which resulted i n  Eduation 5 gives a 

good correlation between the data evaluated from the velocity pro- 

f i les  and that evaluated from the  bulk flow properties f o r  the small 

pipe. Again the large pipe data sca t te rs  about the l i n e  and i s  not 

nearly as consistent as the small pipe data. 

Evaluation of the Results of Wells and of E l a t a  and Tirosh 

The question naturally arises as t o  how well other data f i t  

the formula given by Equation 5. 

data of E l a t a  and n r o s h  as given i n  Figure 7 of Reference 2. For 

G f  particular i n t e re s t  i s  the 

the reader's reference, this figure i s  essent ia l ly  the same as  

Figure 2 of the present report. 

fe ren t  concentrations of the additive which resulted i n  four s t ra ight  

l i nes  whose slopes increased with increasing concentration and a l l  

of the curves intersected the Newtonian l i n e  a t  a value of R e  

of approximately 9000. 

Ista were presented f o r  four dif- 

It should be noted that the f r i c t i o n  fat- 
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tor ,  f ,  of the present report  d i f fe rs  by a fac tor  of 4 from that of 

Reference 2. 

taken i n  the 50 mm diameter pipe since, by the r e su l t s  of reference 

It was assumed tha t  a l l  the data on this figure were 

1 and 3, the  effect  of a change i n  pipe diameter would give a 

ve r t i ca l  shift t o  a curve with a given solution concentration. 

It can be seen that the form of Equation 5 f i t s  these data since a 

would change with concentration and a l l  curves would meet the New- 

tonian curve when 

325 

I n  order t o  have a common bas is  of comparison, a l l  the  data 

were reduced t o  the form of Mgure 1. This was accomplished by 

evaluating B using Equations 2 and 4 t o  achieve the following equa- 

t i on  

where AB represents the increase i n  the loca l  velocity r a t io ,  u/u+ 

of the non-Newtonian over the Newtonian flows. Again the constants 

were changed s l igh t ly  following the procedure used i n  Newtonian 

flows so t h a t  the velocity data and pressure drop data are consis- 

ten t .  

The data of Reference 2, reduced i n  t h i s  manner,are shown i n  

Figure 3. A s  expected, the curves of constant concentration appear 

as s t r a igh t  l ines,  however, as w a s  not expected, the flows became 
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Newtonian a t  the same c r i t i c a l  f r i c t ion  velocity as determined 

from the data of Reference 3 .  It therefore can be seen tha t  the 

resu l t s  of n a t a  and Tirosh can be explained by a thickening of 

the sublayer w h i l e  maintaining the Prandtl mixing length parameter 

unchanged from i t s  Newtonian value. 

The data fo r  a f l u i d  concentration of 500 p p  from the work 

of Wells taken i n  the 0.65" I.D.  pipe a rea lso  given i n  t h i s  figure, 

and again, it i s  seen t o  be consistent with the other data. It 

should be noted here that a l l  of the data would not have become 

coincident with the Newtonian curve a t  the same point i f  the shear 

r a t e  had been used as a parameter instead of u+. 

be seen i f  it i s  realized tha t  UJ *w i s  equal t o  the square root 

of the shear rate and that vu varied from 1.1 t o  2.2 t i m e s  that of 

water fo r  a l l  of the data used i n  t h i s  paper. 

This can eas i ly  

a 
Thus the c r i t i c a l  

value of the shear r a t e  i s  different f o r  each concentration. 

M scussion 

The lack of enough of the proper type of experimental data 

makes it very d i f f i cu l t  t o  evaluate effectively the va l id i ty  of the 

method and ideas proposed i n  this paper'. Within t h i s  limitation, 

Equatfon 5 appears t o  describe adequately the f r i c t iona l  charac- 

t e r i s t i c s  of the flow of a di lute  e l a s t i c  non-Newtonian f l u i d  whose 

purely viscous properties are Newtonian. 

two e l a s t i c  "f luid parameters", a and u + ~ ~ ,  and i f  future work shows 

It does t h i s  with, a t  most, 

that u+cr i s  a universal constant, the problem would be reduced t o  
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the evaluation of a single e l a s t i c  f l u i d  property. 

The f a c t  t ha t  the c r i t i c a l  shear stress was constant, for a l l  

of the f lu ids  and test conditions represented by the data used i n  

t h i s  paper, w a s  somewhat surprising. Originally it was thought 

that t h i s  quantity would be quite sensi t ive t o  the type of non- 

Newtonian additives used i n  the experiment. 

w a s  t ha t  a t  a c r i t i c a l  shear stress the  forces acting on the polymeric 

molecules would become large enough t o  d i s t o r t  them i n  some fashion 

so as t o  s tore  energy elast ical ly .  Thus, under fluctuations, t h i s  

process would, through the storage of energy, decrease the tendency 

of the laminar flow i n  the sublayer t o  become turbulent. The sub- 

layer thickness would then increase with a resul t ing decrease i n  

the w a l l  shear stress. 

The mechanism envisioned 

It would seem highly probable tha t  the shear s t ress  a t  which a 

polymeric molecule would become e l a s t i ca l ly  dis tor ted would vary 

considerably for each compound. The f a c t  tha t  t h i s  does not ap- 

pear t o  be true, f o r  the data presented, should be important f o r  

the understanding of the mechanism present i n  the flow. Obviously 

more experimental data w i l l  be needed t o  es tabl ish t h i s  point and 

plans are underway a t  t h i s  laboratory t o  acquire more data of tnis 

type i n  the future. 

f i ve  different  pipe sizes a r e  being conducted with d i lu te  solutions 

of CMC i n  water. 

be t o  j u s t i f y  the assumption tha t  the data, when presented i n  the 

A t  present, experiments on the flow through 

Part of the objectives of these experiments w i l l  
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form of Figures 1 or 3, should correlate independent of pipe dia- 

meter. 

A t  present there i s  a need for  a method which would effect ively 

and accurately determine the e l a s t i c  f lu id  parameters fo r  d i lu te  

non-Newtonian viscoelastic fluids. The d i f f i cu l t i e s  associated 

with achieving t h i s  goal a re  well known. 

t o  the f ac t  t ha t  the effects  of the e l a s t i c  f l u i d  parameters are 

very small as compared with those of the viscous parameters fo r  

t h i s  class of f luids .  

the e l a s t i c  effects f o r  these f luids  appear to  be quite large and 

can be measured with re la t ive  ease. Thus it would seem appropriate 

t o  suggest t ha t  the parameters c, and possibly, user, be considered 

as e l a s t i c  f l u i d  parameters and a rheometer,in the form of a tur-  

bulent pipe flow fac i l i t y ,  could be used t o  evaluate these con- 

stants f o r  various f luids .  A t  the very least ,  t h i s  would be an 

effective interim method by which e l a s t i c  non-Newtonian f lu ids  

could be classified.  On the other hand, an understanding of the 

underlying mechanism involved could lead t o  a theoret ical  basis 

f o r  CY and uwr which would then make t h i s  type of rheometer a basic 

device. Obviously, with more sys ieiiitic k t z  Zvailahle, the en t i re  

process w i l l  be be t te r  understood. It is, therefore,  strongly rec- 

ommended tha t  t h i s  ty-pe of rheomctric device be seriously considered 

f D r  future c lassi f icat ions of these fluids.  

They a r i se  primarily due 

However, i n  the case of turbulent pipe flows, 
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L Notation 

A 

B 

a, 
rn 

D 

f 

k 

Re 
- 
U 

U m 

u* 

2*303/k 

It cons t a n  I' i n  the law-of -the- rall equation 

value of B f o r  Newtonian f lu ids  

B - BN 
. inside diameter of pipe 

f r i c t ion  factor, -rw& pi2) 

Prandtl mixing length constant equal t o  .4 

Reynolds number, 6D/vw 

mean velocity of flow through the pipe 

maximum flow velocity i n  the pipe 

f r i c t ion  velocity, -dv 
c r i t i c a l  value of u+, taken as 0.23 i n  t h i s  report U*cr 

Y radial distance from the pipe w a l l  

Greek l e t t e r s  

a "f luid property" parameter defined i n  Equation 3 

dimensionless wall distance, yux/v, 

vW kinematic viscosity a t  the w a l l  

EEC de-n-sity of the f lu id  P 

7 shear s t ress  a t  the w a l l  
W 
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